1. Introduction
Why Hydrogen Fuel Cells?
In recent years, climate change and sustainability issues have become more poignant and further discussed. This is due to the evidence that points towards an anthropogenic source of climate change (Soloman et al. [1] ). Man-made activities contribute towards climate change through Greenhouse Gas (GHG) emissions, which include; carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) among others.
The UK emitted 549.3 Million tonnes of Carbon Dioxide equivalent (MtCO 2 e) in 2011 (Dept. for Transport. [2] ) and 122.2 MtCO 2 e was due to the transport industry, with 74% of this figure due to cars, taxis and buses (DECC. [3] ). Other countries have also pledged to tackle climate change, with the US president stating that the US will reduce CO 2 emissions 17% from 2005 levels by 2020, 42% by 2030 and finally 83% by 2050.
Not only are GHGs negatively affecting the atmosphere, energy prices are set to continue to rise at alarming rates (BERR. [4] ), which could dramatically affect the UKs energy system and energy security concerns. Due to the aforementioned negative environmental impacts of emissions from fossil fuel energy sources and concerns with energy prices and security, this figure needs to be dramatically reduced not only to meet government targets, but for the health of the biosphere.
Hydrogen fuel cells are a zero-emission energy conversion and power generation device. They combine Hydrogen (H 2 ) and Oxygen (O 2 ) gases to form water (H 2 O), heat and electrical energy. If the H 2 is sourced from renewable means, such as electrolysis of H 2 O from wind turbine electricity, the whole process is zero emissions in use. With this in mind, hydrogen fuel cells have the potential to mitigate climate change and energy security concerns.
The Polymer Electrolyte Membrane Fuel Cell
Out of the five main types of fuel cell, the PEMFC has been singled out as the most applicable to automotive applications. This is due to its low operating temperature and rapid start-up times.
There are three main hurdles to the commercialisation of PEMFCs; Cost, Infrastructure and Reliability. Currently PEMFCs in automotive applications need to meet the United States (US) Department of Energy (DoE) standards of 5000 hours lifetime with a performance drop of no more than 5% over that time, with the Japanese and European standards being similar (Borup, et al. [5] ). However, modern day PEMFC systems struggle to reach these targets due to unforeseen degradation of the membrane, Catalyst Layer (CL), Gas Diffusion Layer (GDL) and Bipolar Plate (BIP) components, contributing towards a reduction in performance.
PEMFC
PEMFCs can suffer three main types of degradation during the operating lifetime; chemical, thermal and mechanical degradation. These failure mechanism classes can stem from numerous individual failure modes that the PEMFC can experience. An example of a failure mode linked to chemical degradation is illustrated in section 1.3.1.
Chemical Degradation
An example of chemical degradation is hydroxyl (OH) and hydroperoxy (OOH) radical attack. OH and OOH radicals are caused by the chemical changes brought around due to H 2 O 2 (peroxide) presence. As such, H 2 O 2 formation from its two main pathways (diffusion of gasses through membrane and electron reduction) can lead on to a chemical attack of the Polytetrafluoroethylene (PTFE) based membrane and areas of the CL and GDL.
To further explain the pathways, LaConti, et al. [6] proposed a method of production of radicals which occurs due to the diffusion of gasses through the membrane.
Equations 1-5 show the stages of how radicals are a product of H 2 O 2 production which occurs under normal operating conditions and membrane health. Therefore H 2 O 2 needs to be included as the basic event leading to radical formation.
Peroxide can form in another way, by a two electron reduction of O 2 pathway (Pozio, et al. [7] ) explained in Equation 6;
The way in which radical and peroxide attack affects the degradation of the cell is through the thinning of the membrane over time. This is achieved by end-group unzipping and chain scission processes, actively eating away at the chemical bonds of the PTFE based membrane.
Reliability Analysis of PEMFCs
Reliability analysis of PEMFCs is still in its infancy and needs to be further developed to advance the understanding of degradation mechanisms and lifetime of PEMFCs. Previous work includes a failure mode identification and FTA of a general PEMFC by Rama, et al. [8] . Additionally, a more recent FTA work was presented by Placca & Kouta [9] , looking at the failure modes that could cause PEMFC degradation.
The existing reliability work has proven to be a good start with understanding PEMFC degradation and failure. However, the latest work by Whiteley, et al. [10] [11] has identified that there were areas that could be improved and developed to further the reliability and degradation field of PEMFC research. These enhancements, including FMEA & FTA are summarised in section 2.1 and 2.2 respectively.
FMEA
A FMEA was performed to systematically evaluate the potential failures that can occur in a PEMFC system, and their effects on the operation of the system. This work extended the previous work by Rama, et al. [8] , fully outlining all of the failure modes and their effects in a PEMFC assembly.
The FMEA table consists of the identification of the physical component of the PEMFC being analysed, followed by a brief description of its function. The failure modes that can be experienced in this area are then listed, detailing the effects that this failure mode has. The local effect is the contained effect of the failure mode, whereas the system effect is how the failure mode will affect the overall operation of the entire system. Failure detection methods are listed for more details on how to distinguish these failures, whether it be in-situ or ex-situ. Mitigation strategies are listed where previous work has identified a way to reduce or mitigate against these failure modes. Any poignant remarks are listed that may help further the understanding of any of the previously highlighted points, followed by any key relationships between the listed failure mode, and any other failure mode in the system that is being analysed. Finally the source of the failure mode information is listed for integrity.
This work filled a gap in current PEMFC degradation literature by providing a comprehensive list of component and system level failure modes that a PEMFC can experience. The outcome was identification of 21 components failure modes, resulting in 39 different potential system failure effects.
FTA
The existing work in FTA for PEMFCs by Placca & Kouta [9] showed 37 individual basic events that could lead to the top-level intermediate events of Membrane Degradation, Catalyst Layers Degradation and Gas Diffusion Layers Degradation. These three intermediate events lead on to the overall top event of Degradation of the Cell. The work harboured key areas that were flagged for improvement, to increase the accuracy of the FTA model. A new state-of-the-art FTA was undertaken by Whiteley, et al. [10] [11] to rectify the issues arisen in the existing work, which saw a complete re-draw of the failure logic for a PEMFC. Areas that needed attention were; Top Event Ambiguity, BIP Omission, Ambiguity of Intermediate Events, Lack of Standardised Data, Errors in Proposed Degradation Rates and an overall re-think of the failure logic.
The failure modes identified and developed to advance the FTA PEMFC work are presented in Table 1 , where failure modes listed in bold font are carried over from the existing work by Placca & Kouta [9] :
The FTA work has provided a clear failure logic structure for a PEMFC, identifying the key basic events that contribute to the overall degradation of PEMFC performance. However, one of the main weaknesses of the FTA approach is that it assumes independent failure event occurrence. Hence Petri-Net simulation has been adopted to address this issue.
Petri-Net Simulation
Petri-Net simulation is based upon a graphical process of representing component relationships, conditions and events. It can be used to model and analyse dynamic behaviours of systems taking into account relationships and dependencies which FTA cannot.
Petri-Nets are comprised of two main symbols; 'places' (P ) and 'transitions' (T ). These two nodes are connected by arrows known as 'Arcs' (A), which show the direction of flow of 'tokens'. Tokens are used to describe the state of the system, and are used to mark/enable a place as in Figure 2 . Figure 2 shows a simple Petri-Net that has place one enabled (P1 containing a token). The transition (T1) will fire based on criteria that could range from time intervals to probability. Once the criteria are met, the transition will take the one token from P1 and place it into P2, denoting a new state. P, T and A can be defined as by Liu & Chiou [12] :
Benefits of Petri-Net Simulation
Petri-Net simulation offers significant advantages over FMEA and FTA. FMEA is more geared towards the analysis of individual failure modes, and doesn't look at the interactions between a group of failure modes. FTA can look at the relationships between failure modes in a graphical manor, however the technique cannot take into account dependencies between failure modes.
Petri-Net simulation can take into account dependencies, and has been chosen to analyse the failure characteristics of a PEMFC.
Existing Work in the Literature
There is currently only one example of Petri-Net use for reliability analysis of PEMFCs from Wieland, et al. [13] and is a good start to develop reliability analysis in this field. However, the model could be further developed to accurately represent all of the previously identified failure modes from FMEA and FTA work presented by Whiteley, et al. [10] [11] .
The existing work in the literature has an initial place which denotes the operational state of a PEMFC. The model can fire through five main transitions; Degradation, Spontaneous event, Reversible event, Repair and Breakdown. All transitions are based upon degradation rates taken from the literature or the authors own assumptions. These rates are selected using the normal distribution based upon mean, lower limit and upper limits, again assumed by the authors.
Limitations with Failure Rates/Probabilities Used
Using the normal distribution is a limitation when analysing PEMFCs. Components don't share characteristics with normal distribution probability theory, rather components ageing in a system share more characteristics with the Weibull distribution, owing to the 'bathtub curve' (Figure 3 ). The Weibull shape parameter 'β' is reflective of what stage the component is in due to the lifetime of the component. This shape parameter can be changed dependent upon the failure mode in question. That is to say that an early life failure mode such as early life Platinum (Pt) agglomeration would have a shape parameter of less than one. Whereas failure due to creep under normal conditions (that can take upwards of 5000 hours to cause a failure) would use a shape parameter of more than one.
Limitations with Parameters Used
The failure parameters used can be considered to be vague and limited in number for an accurate degradation model of a PEMFC. In the work by Wieland, et al [13] , degradation transition severity is calculated from a normal distribution using the Natural Aging parameter from 1 to 70 µVh −1 (microvolts per hour). This assumes that degradation is a simple process and can be derived from lifetime test degradation rates. However due to the inherently complex system of a PEMFC, degradation relationships can interact and harbour dependencies that can alter the overall lifetime, based upon their interaction and operating conditions (Whiteley, et al. [10] ). Spontaneous and reversible parameter use could also be optimised. Wieland, et al. [13] suggest that random variables are used to select if one of the spontaneous events or reversible events are occurring. However 'High temperature operation and Start below 0 o C (SBZ)' could never occur together. The authors themselves acknowledged the limitations of their model:
'there is a lot of simplification done to get this first model. For example, spontaneous events occur independently of the stack state and degradation is steady, instead of increasing at certain times such as summer or winter'
Wieland, et al. [13] 
Proposed Model
The proposed work in this paper seeks to enhance the capabilities of the Petri-Net approach for PEMFC degradation modelling. The overall 'Global' Petri-net is presented in Figure 4 . There are two global states 'Operating State' and 'Failed State', The 'Operating State' is initially set at 100% health of the PEMFC and fires through the 'Degradation' transition on every time-step. Contained within the degradation transition, are separate Petri-Nets based upon the knowledge gained through FMEA and FTA as discussed in 4.1. Each failure mode has a relationship Petri-Net to explain its logic, and how it might interact with other failure modes in the system. The 'Failure' transition will fire based upon the criteria of unacceptable system performance. This is set at a lifetime of less than 5000 hours with more than a 5% drop in cell performance over that time as per the US DoE target. If this target threshold is exceeded, the transition will fire into the 'Failed' state.
Degradation Modules
Each failure mode previously identified in the FMEA and FTA has a Petri-Net attributed to it, which shows the logic contributing towards its activation. A total of 21 Petri-Net modules have been created however only one is discussed here for brevity. Figure 5 shows an example of a Petri-Net module for a given failure mode: 'H 2 O 2 Degradation'. P1 is the initial place, and is enabled with a token on the first running of the model. It is indicative of a healthy PEMFC and is enabled from the first running of the model, with no H 2 O 2 degradation. T1 can only fire when there is a token in P2 and P1 at the same time. P2 is used to indicate a state of H 2 O 2 degradation, agglomerating the lower level transitions. This is for the integrity of the transition logic. The firing of this transition would enable P8, indicating a state of H 2 O 2 degradation, and would have an output affecting the performance of the PEMFC and potentially linking into another Petri-Net module. There are a number of contributors to P2, stemming from places P3 'Pt dissolution/redistribution 'Pt Band", P4 'Low rate of gas crossover', P5 'BIP corrosion & release of metal ions' and P6 'High rate of gas crossover'. P3 is enabled by an interaction from a separate Petri-Net module, and indicates the presence of Pt which acts as a catalyst for H 2 O 2 formation (LaConti, et al. [6] ) shown in Equations 7-9.
Therefore for 'T2' to fire, 'P3' and 'P4' need to be enabled. This would show that there is gas crossover and a free Pt presence to cause a rate of formation of H 2 O 2 .
As has been previously mentioned in Equations 1-6, H 2 O 2 can form from the crossover of the reactant gasses through the membrane. Thus for a given rate of gas crossover, a corresponding rate of H 2 O 2 formation is attributed. This enables the Petri-Net modelling of 'T3' and 'T5' firing and a corresponding degradation of PEMFC overall performance. Consequently if 'P6' is enabled, 'T5' will fire, placing a token in 'P2', and if 'P4' is enabled, 'T3' will fire a token into 'P2'.
Pozio, et al. [7] also showed that the presence of Fe 'P7' is an inhibitor and serves to prevent the transition of 'T2', 'T3', 'T4' & 'T5'. Borup, et al. [5] 
Petri-Net Firing
The firing of the Petri-Net uses the following equation:
Where M n is the final marking, M 0 is the initial marking, A T is the incidence matrix for the module, and is the transition firing count vector. The relationship between A T and is summarised in Equation 11:
For each individual Petri-Net module contained within the 'Degradation' transition of the global Petri-Net, there is a corresponding incidence matrix as in Equation 12 for H 2 O 2 degradation.
The logic behind each transition from place to place is noted in each A T matrix for each module. A '−1' indicates the taking of a token from a place, and a '1' indicates the placing of a token into that place.
Fuel Cell Model
A lumped parameter PEMFC model developed by Fly & Thring [21] is used to validate voltage degradation predictions against observed degradation from the literature. Additionally it can be used to integrate the degradation model and therefore have a more accurate relationship between degradation and operational performance. The fuel cell model is initially run to ascertain the operating conditions of the cell. These data are then used by the PetriNet to model the degradation based upon the fuel cell's conditions.
Summary of the Petri-Net Model
The Petri-Net degradation model developed in this work is a comprehensive model of the interactions between the previously identified failure modes in a PEMFC of standard construction (PTFE based membrane, Carbon/Pt catalyst, steel BIP, carbon GDL). The individual modules range from relatively simple relationships with 2-3 places and a low number of transitions, to larger modules with 8 places and 8 transitions. It contains 21 separate modules that interact to both; deliver a voltage degradation value, and further interact with other failure modes. However, if further interactions or modules are discovered that need to be added, the Petri-Net model can easily facilitate this occurrence, with a simple addition to the script files. The model parameters and degradation rates for failure modes are listed in tables 2&3. Using the parameters listed in Table 2 , the polarisation curve in Figure  6 can be achieved using the fuel cell model developed. Data from [14] is also plotted, and the model shows a good correlation with experimental results. The initial setup of the model requires the user to input some starting variables such as; operating temperature (to consider ice formation and excessive heat) and number of startup / shutdown cycles. This data is implicit in placing tokens in the relevant initial places, and inhibitor gates. A dynamic range of inputs can be added to have a varying input (such as temperature) over time. Transition timings for the example in Figure 5 are instant, but for others could be timed or based upon enabling criteria.
Cell Performance Model Parameter

Results
The Petri-Net model was programmed in MATLAB on a desktop PC running a dual core 3.10GHz processor. For all of the individual Petri-Net models, an A T matrix was constructed with a corresponding transition 'firing' script to use the A T matrix information. For each Petri-Net that has an output for which a reduction in performance is noted, a voltage drop count variable is used to store the total amount of degradation in performance due to the failure relationships. Therefore for each output place in a degradation module Petri-Net, a voltage drop figure is added to the overall voltage drop [20] Table 3 : List of Degradation Parameters Used count. Model initialization is commenced via the input of key operating parameters such as operating temperature and potential amongst others. This will place tokens is specific module initial states ready for simulation runs. The in-putted parameters also decide whether key inhibitor places are enabled or not. The model is run either until 5000 hours is reached or a performance drop of >5% is experienced.
Verification of Model
Startup Shutdown Cycling (SSC) degradation was considered through a review of the literature in this area. Kim, et al. [19] conducted extensive experimentation to reveal the relationship between SSC and degradation of fuel cell performance. Their results show that after 1500 instances of SSC, a drop in performance of 0.08 V was observed (Figure 7 ). Therefore per cycle it can be considered that SSC causes a drop in performance of 5.333x10 The degradation rate was programmed to take affect per SSC, through the transition T 1 in Figure 8 . The model shows a good replication of the polarisation curve drop observed by Kim, et al. [19] in Figure 7 , with the same logic being carried through the entirety of the Petri-Net model. Each failure mode interaction has a voltage degradation value assigned to it, with some acting reversibly dependent upon the state of the system, and some acting as a counter (irreversible).
Conclusions & Future Work
The presented work is a step forward in degradation and reliability modelling of PEMFCs. The previous work by the authors leading to this has ensured that the Petri-Net model proposed, is reliably constructed based upon an in-depth, and up-to-date review of PEMFC failure phenomena.
As can be seen in Figure 7 & 9, the initial activation range of the polarisation curve does not match up correctly. Due to the fuel cell model developed, this area can be modified due to SSC and take into account degradation in different regions of the polarization curve in future work.
Future work will include an integration of this degradation model into a PEMFC performance model, capable of plotting polarisation data from key operational inputs. Currently the degradation model needs operating data in the form of initial inputs from the user. That is to say that operating voltage is set from the outset, alongside operating temperature, number of SSCs and other variables. Integration into a PEMFC performance model will allow the performance model to output operational data into the degradation Petri-Net model for its inputs. Then after running the Petri-Net model, the outputs would feed back into the performance model. As the process continues, degradation, and its effect on the performance of the cell can be accurately ascertained. Not only does integration with a PEMFC performance model mean more accurate degradation modelling, it also means that PEMFC operational load levels (such as drive cycles) can be preset, and the degradation due to the fluctuation in load (and therefore temperature etc.) can be considered.
